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RETINOID X RECEPTOR-INTERACTING POLYPEPTIDES 
AND RELATED MOLECULES AND METHODS 

Background of the Invention 
5 This invention relates to receptor proteins. 

This invention was made in part with Government 
funding, and the Government therefore has certain rights in 
the invention. 

The retinoid X receptors (RXRs) are members of a 

10 large superfamily of intracellular hormone receptors. These 
proteins bind to specific DNA sequences and directly 
regulate transcription of target genes in response to 
activation by their specific ligands (Leid et al., Trends 
Biochem. Sci. 17:427-433, 1992; Leid et al., Cell 68:377- 

15 395, 1992; Mangelsdorf et al., Nature 345:224-229, 1990 and 
Yu et al., Cell 67:1251-1266, 1991). The RXRs belong to a 
large subgroup of the superfamily defined by a conserved 
subregion within the DNA binding domain. This group also 
includes the receptors for retinoic acid, thyroid hormone, 

2 0 and vitamin D as well as a number of other less well 

characterized proteins, called orphan receptors, that do not 
have known ligands. As monomers, the members of this class 
can bind to sequences related to the hexameric consensus 
AGGTCA. RXR homodimers bind to tandem repeats of this 

2 5 consensus separated by a single base pair (Manglesdorf et 

al., Cell 66:555-561, 1991), and apparently to additional 
elements including ^S-RARE (Zhang et al.. Nature 358:587-591, 
1992) . These homodimer binding sites confer specific 
response to 9-cls-RA (9-cis-RA) , the ligand for the RXRs. 

3 0 In addition, the RXRs heterodimerize with a variety of other 

family members, including the receptors for all- trans- 
retinoic acid, thyroid hormone (T3) , and vitamin D. This 




heterodimerization strongly increases the affinity of these 
receptors for their specific response elements (Yu et al., 
Cell 67:1251-1266, 1991; Zhang et al., Nature 358:587-591, 
1992; Bugge et al., EMBO J, 11:1409-1418, 1992), and recent 
5 evidence also demonstrates that it is also required for full 
hormone dependent transcriptional activity of at least the 
thyroid hormone receptor-RXR complex. 



isoforms of RXR (Mangelsdorf et al., Genes & Dev. 6:329-344, 

10 1992) . The expression patterns of murine RXRs (Mangelsdorf 
et al., Genes & Dev. 6:329-344, 1992) and homologues of RXR 
found in Xenopus (Blumberg et al., Proc. Natl. Acad. Sci. 
USA 89:2321-2325, 1992) and Drosophila (Oro et al., Nature 
347:298-301, 1990) suggest that the members of the RXR 

15 family play important roles in several aspects of 

development and central nervous system differentiation as 
well as in adult physiology. Based on both their specific 
response to the 9-cis-RA metabolite and their 
heterodimerization with the RARs, it is clear that the RXRs 

20 play a central role in the broad regulatory effects of 

retinoids. Moreover, their heterodimeric interactions with 
other family members indicate that the RXRs also play a 
central role in response to thyroid hormone, vitamin D, and 
perhaps other compounds. This dual function is unique 

25 within the nuclear receptor superfamily. 



a method for determining whether a test protein is capable 
of interacting with a retinoid X receptor (RXR) protein. 
3 0 The method involves: (a) providing a host cell which 

contains (i) a reporter gene operably linked to a protein 
binding site; (ii) a first fusion gene which expresses a 



Mammals have three genes encoding a, and y 



Summary of the Invention 
In a first aspect, the invention generally features 
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first fusion protein, the first fusion protein including a 
retinoid X receptor protein covalently bonded to a binding 
moiety which is capable of specifically binding to the 
protein binding site; and (iii) a second fusion gene which 
5 expresses a second fusion protein, the second fusion protein 
including the test protein covalently bonded to a gene 
activating moiety; and (b) determining whether the test 
protein increases expression of the reporter gene as an 
indication of its ability to interact with the retinoid X 

10 receptor protein. 

In a preferred embodiment, the method further 
involves treating the host cell with a ligand which binds 
the retinoid X receptor (preferably, 9-cls-RA) and 
identifying a ligand-dependent interacting protein by its 

15 ability to increase expression of the reporter gene upon 

treatment of the cell by the ligand. In another preferred 
embodiment, the method further involves treating the host 
cell with a ligand which binds the retinoid X receptor and 
identifying a ligand-independent interacting protein by its 

2 0 ability to increase expression of the reporter gene both in 

the presence and in the absence of ligand treatment. In yet 
another preferred embodiment, the method further involves 
treating the host cell with a ligand which binds the 
retinoid X receptor and identifying a ligand-sensitive 
25 interacting protein by its ability to increase expression of 
the reporter gene in the absence but not in the presence of 
ligand treatment. 

In other preferred embodiments, the gene activating 
moiety is the gene activating moiety of B42. 

3 0 In a second aspect, the invention features a 

substantially pure preparation of a retinoid X receptor 
(RXR) -interacting protein. Preferably, the RXR-interacting 
protein is RIP14, RIP15, RIPllO, or RIP13; or includes an 




amino acid sequence substantially identical to an amino acid 
sequence shown in any of Figs. 4, 5, 10, and 11 (SEQ ID NOS: 
1-5); is derived from a mammal, for example, a human; binds 
a ^-RARE site in the presence of RXR; or binds an EcRE site 
5 in the presence of RXR. 



example, cDNA) which includes a sequence encoding an RXR- 
interacting protein, preferably encoding a human RXR- 
interacting protein (for example, the RXR-interacting 

10 proteins RIP14 (SEQ ID NO: 6, 14), RIP15 (SEQ ID NO: 7), 
RIPllO (SEQ ID NO: 8), or RIP13 (SEQ ID NO: 9)); a vector 
and a cell which includes a purified DNA of the invention; 
and a method of producing a recombinant RXR-interacting 
protein involving providing a cell transformed with DNA 

15 encoding an RXR-interacting protein positioned for 

expression in the cell; culturing the transformed cell under 
conditions for expressing the DNA; and isolating the 
recombinant RXR-interacting protein. The invention further 
features recombinant RXR-interacting protein produced by 

20 such expression of a purified DNA of the invention. 



whose expression may be assayed; such genes include, without 
limitation, lacZ , amino acid biosynthetic genes, e.g. the 
yeast LEU2 gene, lucif erase, or the mammalian 
25 chloramphenicol transacetylase (CAT) gene. Reporter genes 
may be integrated into the chromosome or may be carried on 
autonomously replicating plasmids (e.g., yeast 2/i plasmids) . 



regulatory sequence (s) are connected in such a way as to 
30 permit gene expression when the appropriate molecules (e.g., 
transcriptional activator proteins or proteins which include 
transcriptional activation domains) are bound to the 
regulatory sequence (s). 



The invention also features purified DNA (for 



As used herein, "reporter gene" is meant a gene 



By "operably linked" is meant that a gene and a 
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By a "binding moiety" is meant a stretch of amino 
acids which is capable of directing specific polypeptide 
binding to a particular DNA sequence (i.e., a "protein 
binding site") . LexA represents a preferred DNA binding 
5 moiety in the invention. However, any other 

transcriptionally-inert or essentially transcriptionally- 
inert DNA binding domain may be substituted. The GAL4 DNA 
binding domain represents a somewhat less preferred DNA 
binding moiety for the system described herein. 

10 By "gene activating moiety" is meant a stretch of 

amino acids which is capable of inducing the expression of a 
gene to whose control region it is bound. As used herein, a 
"weak gene activating moiety" is meant a stretch of amino 
acids which induces gene expression at a level below the 

15 level of activation effected by GAL4 activation region II 

(Ma and Ptashne, Cell 48:847, 1987) and is preferably at or 
below the level of activation effected by the B42 activation 
domain of Ma and Ptashne (Cell 51:113, 1987). Levels of 
activation may be measured using any downstream reporter 

2 0 gene system and comparing, in parallel assays, the level of 
expression stimulated by the GAL4- or B42-polypeptide with 
the level of expression stimulated by the polypeptide to be 
tested. 

By "RXR-interacting protein" is meant a polypeptide 

2 5 which directly or indirectly physically interacts with a 

retinoid X receptor in the in vivo protein interaction assay 
described herein. Such an interaction may be hormone (or 
ligand) dependent or independent or may be hormone (or 
ligand) sensitive; it may also be transient in nature so 

3 0 long as the interaction is capable of producing a positive 

result in the interaction assay described herein. 
Preferably, such a polypeptide has an amino acid sequence 
which is at least 85%, preferably 90%, and most preferably 



95% or even 99% identical to the amino acid sequence of an 
interacting protein described herein (e.g., RIP14, RIP15, 
RIPllO, or RIP13) at the point of interaction with the 
retinoid X receptor, or at least 80% and preferably 90% 
5 identical overall. 

By "substantially pure" is meant a preparation which 
is at least 60% by weight (dry weight) the compound of 
interest, i.e., an RXR-interacting protein. Preferably the 
preparation is at least 75%, more preferably at least 90%, 

10 and most preferably at least 99%, by weight the compound of 
interest. Purity can be measured by any appropriate method, 
e.g., column chromatography, polyacrylamide gel 
electrophoresis, or HPLC analysis. 

By "purified DNA" is meant DNA that is not 

15 immediately contiguous with both of the coding sequences 
with which it is immediately contiguous (one on the 5' end 
and one on the 3' end) in the naturally occurring genome of 
the organism from which it is derived. The term therefore 
includes, for example, a recombinant DNA which is 

2 0 incorporated into a vector; into an autonomously replicating 
plasmid or virus; or into the genomic DNA of a prokaryote or 
eukaryote, or which exists as a separate molecule (e.g., a 
cDNA or a genomic DNA fragment produced by PGR or 
restriction endonuclease treatment) independent of other 

2 5 sequences. It also includes a recombinant DNA which is part 
of a hybrid gene encoding additional polypeptide sequence. 

By "substantially identical" is meant an amino acid 
sequence which differs only by conservative amino acid 
substitutions, for example, substitution of one amino acid 

30 for another of the same class (e.g., valine for glycine, 
arginine for lysine, etc.) or by one or more non- 
conservative substitutions, deletions, or insertions located 
at positions of the amino acid sequence which do not destroy 




the function of the protein (assayed, e.g., as described 
herein) . Preferably, such a sequence is at least 85%, more 
preferably 90%, and most preferably 95% identical at the 
amino acid level to one of the sequences of Figs, 4, 5, 10, 
5 and 11 (SEQ ID NOS: 1-5). A "substantially identical" 

nucleic acid sequence codes for a substantially identical 
amino acid sequence as defined above. 

By "transformed cell" is meant a cell into which (or 
into an ancestor of which) has been introduced, by means of 

10 recombinant DNA techniques, a DNA molecule encoding (as used 
herein) an RXR-interacting protein. 

By "positioned for expression" is meant that the DNA 
molecule is positioned adjacent to a DNA sequence which 
directs transcription and translation of the sequence (i.e., 

15 facilitates the production of, e.g., an RXR-interacting 
protein) . 

By "purified antibody" is meant antibody which is at 
least 60%, by weight, free from the proteins and naturally- 
occurring organic molecules with which it is naturally 

20 associated. Preferably, the preparation is at least 75%, 
more preferably at least 9 0%, and most preferably at least 
99%, by weight, antibody, e.g., RXR-interacting protein- 
specific antibody. A purified RXR-interacting protein 
antibody may be obtained, for example, by affinity 

2 5 chromatography using recombinantly-produced RXR-interacting 
protein and standard techniques. 

By "specifically binds" is meant an antibody which 
recognizes and binds RXR-interacting protein but which does 
not substantially recognize and bind other molecules in a 

30 sample, e.g., a biological sample, which naturally includes 
RXR-interacting protein. 
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other features and advantages of the invention will 
be apparent from the following detailed description thereof, 
and from the claims. 



expression conferred to LexA-RXR by B42-RIP clones. A yeast 
strain containing a lacZ reporter gene under the control of 
LexA binding sites and LexA-RXR was transformed with the 

10 indicated B42-fusion protein expression vectors. Strains 
coexpressing LexA-RXR and the indicated B42 fusions were 
grown overnight in liquid in the presence or absence of 10" 

9-cis-RA, added at the time of inoculation, and ^- 
galactosidase activity was assayed. 

15 Figure 2 is a Northern analysis of RIP14 (panel A) 

and RIP15 (panel B) . A Northern blot containing mRNAs from 
the indicated tissues (Clontech, Palo Alto, CA) was 
hybridized with RIP14 and RIP15 probes. In a longer 
exposure of RIP14 , several larger bands not evident in this 

2 0 exposure were observed in liver and kidney. 



structure of the RIP14 cDNA and protein isoforms. The 
original yeast clone isolated from the interaction trap is 
diagrammed at the top. The positions of the putative 
25 initiation and termination codons are indicated, and the 12 
base pair (bp) addition in the D domain of RIP14-2 is shown 
as t. Various sequences specific to each isoform and a 63 
bp repeat present in Clone 12, but not Clone 3 are 
indicated. 

3 0 Figure 4 is the nucleotide (SEQ ID NO: 6, 14) and 

deduced amino acid sequences (SEQ ID NOS: 1, 2) of the RIP14 
clone. Numbers of nucleotides and amino acids of each 
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5 



Description of the Drawings 
The drawings are first described. 
Figure 1 is a graph showing )3-galactosidase 



Figure 3 is a schematic representation of the 



sequence are shown on the left side. For RIP14-1 (SEQ ID 
NO: 1) , the sequence of Clone 6 is shown. Four amino acids 
unique to RIP14-2 (SEQ ID NO: 2) are also shown. The DNA 
binding domain (C domain) and a poly A signal are 
5 underlined. N-terminus unique to isoform 1 is shown as 
italicized letters and the putative initiation codons as 
bold letters. Because the 5' ends of the RIP14-2 clones are 
different, both Clone 3 and Clone 12 are shown. A 63 base 
pair direct repeat which occurs in the 5' end of Clone 12 is 

10 indicated as underlined and in italicized letters. The 
GenBank submission numbers of RIP14-1 is U09416. The 
submission number of RIP14-2 Clones 3 and 12 are U09417 and 
U094 18 f respectively . 

Figure 5 is the nucleotide (SEQ ID NO: 7) and 

15 deduced amino acid sequences (SEQ ID NO: 3) of RIP15. The 
in frame termination codon in front of the initiation codon, 
the DNA binding domain (C domain) , and a poly A signal are 
underlined. The GenBank submission number of this sequence 
is U09419. 

20 Figure 6 is a photograph showing an SDS- 

polyacrylamide gel analysis of in vitro translated RIP 
proteins. Lane 1: RIP14-1, 2: RIP14-2 (No. 3), 3: RIP14- 
2 (No. 12), 4: RIP15, 5: positive control (luciferase, MW 
ca 69 Kd) . Clone No. 15 was used for expression of RIP14-1, 

25 and the full length derivatives of both Clones No. 3 and 12 
(as described herein) for RIP14-2. Molecular weight markers 
are shown. 

Figure 7 is a schematic diagram showing a comparison 
of RIP14 and RIP15 sequences to other receptors. Percent 
30 sequence identities of RIP14 (panel A) and RIP15 (panel B) 
compared to DNA and ligand binding domains of the indicated 
receptor superfamily members are shown. For comparison, the 
isoform of each receptor member showing the highest score in 




a GenBank database search was used. TR: mouse thyroid 
hormone receptor a-1 (accession number: P16416) / RAR: 
zebrafish retinoic acid receptor y (accession number: 
LO3400) ; RXR: mouse retinoic acid X receptor a (accession 
5 number: P28700) ; EcR: Drosophila ecdysone receptor 

(accession number: P34021) . Lengths of the various domains 
of the receptors are not to scale. 

Figure 8 is a series of photographs showing DNA 
binding by the RXR-interacting proteins. In panel A, RIP14- 

10 1 without (lane 2) or with RXR (lanes 3-5) was incubated 
with the hsp27 promoter (EcRE) end-labeled with [-^^PjATP. 
In panel B, RIP15 (lanes 2-5) and RIP14-1 (lanes 9-12) 
without (lanes 2 and 9) or with (lanes 3-5 and 10-12) RXR 
were incubated with ^RARE end-labeled with [-^^PJATP- In 

15 both cases, a 50-fold molar excess of unlabeled specific 
(sp; EcRE, lane A4 and jSRARE, lanes B4 and Bll) or 
nonspecific (ns; API, lanes A5, B5, and B12) oligomers were 
added with the labeled probe. Incubations with probe alone 
are shown in lanes Al, Bl, and B8 . Cell lysates used for in 

20 vitro translation were also incubated with the probes 

without (lanes A6 and B6) or with (lanes A7 and B7) RXR. 
RIP14-2 and the RIP14-1 chimeras containing a four amino 
acid insertion in the D domain (RIP14C) were also incubated 
with )9RARE and RXR as shown in lanes B13 and B14, 

25 respectively. Specific bands are indicated by arrows. 

Figure 9 is a graph showing activity of RIP14-1, 
RIP14-2, and RIP-15 in mammalian cells. Vectors expressing 
intact RIPs, RXR, or the CDM vector were cotransf ected into 
HepG2 cells as indicated herein with a luciferase reporter 

30 plasmid containing three copies of the ^-RARE and pTKGH as 
an internal control. 9-cis-RA was added at 10"^M 
approximately 18 hours after transf ection. Results are 
luciferase expression normalized to the hGH internal 



control. Consistent results were obtained in three 
independent experiments. 

Figure 10 is the nucleotide (SEQ ID NO: 8) and 
deduced amino acid sequences (SEQ ID NO: 4) of RIPllO. 
5 Figure 11 is the nucleotide (SEQ ID NO: 9) and 

deduced amino acid sequences (SEQ ID NO: 5) of RIP13. 

Detailed Description 
Applicants have used an in vivo interaction trap 
system to identify and isolate proteins that physically 
10 interact with retinoid X receptors and, in particular, with 
the ligand binding domain of the human RXRa. These proteins 
are termed RXR-Interacting Proteins (or RIPs) • The 
isolation and characterization of exemplary RIPs now 
follows • 

15 Isolation of proteins that interact specifically with RXR 
Recently, several genetic methods have been used to 
identify and characterize protein-protein interactions 
(e,g., Fields et al.. Nature 340:245-246, 1989; Gyuris et 
al., Cell 75:791-803, 1993), The principal idea of these 

2 0 systems is that transcription activation and DNA binding are 
quite distinct functions within most eukaryotic 
transcription activators, generally localized to two 
separate domains. Many functional examples of chimeric 
transcriptional activators consisting of the DNA binding 

25 domain of one protein attached to a heterologous activation 
domain have been characterized (Green et al., Nature 325:75- 
78, 1987; Ma et al., Cell 51:113-119, 1987). The fact that 
this attachment can be indirect, mediated by protein-protein 
interaction rather than the covalent linkage of separate 

30 domains of a single protein forms the basis of the 

selection. A version of this type of system, called the 
interaction trap, has allowed the isolation of several new 
proteins that interact with several different targets, 



including Max (Zervos et al. , Cell 72:223-232, 1993), Cdc2 
(Gyuris et al., Cell 75:791-803, 1993), and RAG-1 (Coumo et 
al., Proc. Natl. Acad. Sci. USA in press., 1994). 

We used the interaction trap (Gyuris et al., Cell 
5 75:791-803, 1993) to identify cDNAs encoding proteins that 
interact with the ligand binding domain of human RXRa. As 
shown in Figure 1, a chimeric protein consisting of the 
hinge (D) and ligand binding (E) domains of RXRa fused to 
the intact bacterial LexA repressor protein (LexA-RXR) is 

10 not a strong transcriptional activator in yeast, in either 

the presence or absence of 9-cis-RA. However, LexA-RXR does 
activate expression from LexA binding sites in cells which 
also express a fusion protein consisting of a 
transcriptional activation domain joined to another protein, 

15 such as the thyroid hormone receptor, which interacts 
specifically with RXR. 

To isolate RXR-interacting proteins, we constructed 
a mouse liver cDNA library in a derivative of the yeast 
vector pJG4-5 (Gyuris et al.. Cell 75:791-803, 1993; see 

2 0 below) , in which the cDNA sequences are fused to the B42 

transcriptional activation domain (Ma et al., Cell 51:113- 
119, 1987) . The liver was chosen because it is a major 
target organ for the actions of a number of nuclear hormone 
receptor superfamily members. This library was introduced, 

25 as described herein, into a LexA-RXR expressing host in 

which transcription of both the )9-galactosidase (^-gal) and 
LEU2 genes was under the control of LexA binding sites. 

From 3x10^ primary yeast transf ormants, a number of 
p-gal expressing colonies were identified in two independent 

30 screens carried out in the presence or absence of 9-cis-RA. 
Since expression of the B42-CDNA fusion proteins was induced 
by growth on galactose, candidates obtained from each 
condition were tested for galactose-dependent expression of 



both j8-gal and LEU2 , in the presence or absence of 9-cis-RA, 
using appropriate indicator plates (see below) . To test the 
specificity of the interaction with RXR, cDNA plasmids were 
rescued from a number of candidates that showed appropriate 
5 galactose dependency and reintroduced into hosts expressing 
LexA alone or other LexA fusion proteins (e.g., LexA-Cdc2) . 

Candidates showing specific interaction with LexA- 
RXR were sequenced across the B42 fusion junction using an 
appropriate vector primer, and additional sequence was 

10 determined. The deduced amino acid sequences were compared 
to those in the GenBank and EMBL databases using the GCG 
(Devereux et al., Nucleic Acids Res. 12:387-395, 1984) and 
BLAST programs (Altschul et al., J. Mol. Biol. 215:403-410, 
199 0) . This sequence comparison demonstrated that a number 

15 of the independently isolated clones encoded known RXR 
heterodimer partners, either PPAR (eight clones) or RARa 
(six clones) , providing strong confirmation of the 
specificity of the screening. All of these clones included 
intact ligand binding domains, as expected from the fact 

20 that the major heterodimerization function lies within that 
domain. For PPAR (Issemann et al., Nature 347:645-650, 
1990), three clones started at amino acid 84, just N- 
terminal to the DNA binding (C) domain, four others started 
at 91, within the C domain, and one at 170, just past the C 

25 domain. For RAR (Leroy et al., EMBO J. 10:59-69), all six 
clones started at amino acid 132, within the C domain. 
Although previous results demonstrated that LexA-RXR 
interacts strongly with a chimera consisting of B42 fused to 
the thyroid hormone receptor, no B42-TR clones were 

3 0 obtained, presumably as a consequence of the very low level 
of expression of the TR mRNAs in liver. 

Six clones representing three independent B42 
fusions to the vitamin D binding protein (Yang et al.. 




Genomics 7:509-516, 1990) were isolated. Since this 
secretory protein is unlikely to interact with the nuclear 
RXR protein in intact cells, it is difficult to explain why 
these clones were obtained. It is possible that the vitamin 
5 D binding protein shares some structural similarity with the 
vitamin D receptor, which is an RXR heterodimer partner, and 
that this structural conservation is the basis for the 
interaction. However, it is also possible that the 
interaction of this protein with RXR is simply an artifact 
10 of the yeast system, and these clones have not been studied 
further. 

Several additional clones encoded novel proteins. 
Two, RIP14 and RIP15, were previously undescribed orphan 
members of the nuclear receptor superfamily. As with the 

15 PPAR and RAR isolates, the B42 fusion junctions in both 

cases were near the beginning of the hinge (D) domain that 
separates the DNA (C) and ligand binding (E) domains. Two 
other clones, RIP13 and RIPllO, showed no significant 
similarity to any known protein and are candidate 

20 transcriptional co-activators. 

The level of ^-gal expression conferred by several 
of the RXR interactors was examined more quantitatively (as 
described herein) . The results of )9-galactosidase assays of 
liquid cultures of a series of appropriate strains are shown 

25 in Figure 1. As expected from previous results with B42-TR 
and numerous biochemical studies (Leid et al., Cell 68:377- 
395, 1992; Zhang et al.. Nature 358:587-591, 1992), the 
interaction of B42-RAR with LexA-RXR was independent of the 
presence or absence of 9-cis-RA. Cells coexpressing LexA- 

30 RXR and the RIP14 and RIP15 chimeras showed levels of j9-gal 
expression comparable to B42-RAR regardless of the presence 
or absence of the RXR ligand 9-cis-RA, indicating a 
relatively strong, ligand independent interaction with RXR. 




with RIP13, the significant ^-gal expression observed in the 
absence of 9-cis-RA was increased approximately three fold 
in the presence of the ligand. For RIPllO, only basal 
levels of expression were observed in the absence of 9-cis- 
5 RA, but the level of ^-gal expression was strongly induced 
in the presence of 9-cis-RA, indicating that the interaction 
of this protein with RXR is dependent on the presence of 
ligand • 



10 may be isolated using human cDNA libraries (for example, a 
human liver cDNA library) and standard techniques of 
hybridization . 

Interaction of RIPs with other Receptors 



15 superfamily members, including RAR, TR, the glucocorticoid 
receptor (GR) , and MB67, an orphan isolated in this lab 
(Baes et al, , Mol. Cell, Biol. 14:1544-1552, 1994) were also 
tested using a series of appropriate LexA fusions. In 
particular, the experiments shown in Table 1 were carried 

20 out as follows. Yeast transf ormants containing a lacZ 

reporter gene under the control of LexA binding sites and 
the indicated B42- and Lex-fusion protein expression vectors 
were transferred onto galactose-Ura"His~Trp" plates 
containing X-gal and incubated for two days. Relative 

25 levels of )8-galactosidase activity were estimated and are 
depicted as follows: B, blue (strong interaction); LB, 
light blue (weak interaction) ; W, white (no interaction) ; 
nt, not tested. At least three separate colonies were 
tested on the same plate for interaction. To test the 

30 effects of ligands, 100/il of a 10"^M solution of the 
appropriate ligand was spread onto plates just before 
inoculation of cells (9-cis-RA for RXR, T3 for TR, and all- 
trans-RA for RAR) . For B42-PPAR, the plasmid isolated from 



Human cDNAs encoding any of these RIP polypeptides 



Interactions of the RIP clones with other 
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the screening was used. Both full length and truncated RAR 
fusions to LexA were tested with identical results for all 
the B42 fusions except B42-110, which was tested only with 
the full length fusion. 
5 As indicated in Table 1, RIP13 and RIPllO interacted 

with all proteins except glucocorticoid receptor (GR) , 
whereas RIP14 and RIP15 interacted with RXR only. 



Table 1 
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RIP13's interaction with all of the conventional 
receptors remained unaffected by the presence or absence of 

20 ligands. As with LexA-RXR, RIPllO interacted with LexA-TR 

in a ligand-dependent manner. Its interaction with LexA-RAR 
was not dependent on retinoic acid, however, and it also 
interacted constitutively with MB67, which does not have 
known ligands. This orphan showed substantial 

25 transcriptional activity in mammalian cells grown in the 
absence of any exogenously added ligands. The unique 
character of RIP13 and RIPllO in these interactions suggests 
that these proteins may have very important roles in 
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conserved functions of the nuclear hormone receptor 
superf amily . In particular, the interaction of RIP13 with a 
wide array of super family members indicates that it may be 
involved in any of several processes that are common to a 
5 number of different receptors. In addition to direct 
transcriptional regulation, this could include nuclear 
transport, for example. The ligand-dependent nature of the 
interaction of RIPllO suggests that it may be directly 
involved in ligand-dependent transcription or other 

10 activities. 

Isolation of Full-Length RIP14 and RIP15 cDNAs 

Northern blot analysis as described herein revealed 
that RIP14 is expressed only in liver and kidney in mouse, 
predominantly as a broad band of approximately 1.8 to 2.2 kb 

15 (Figure 2) . Much lesser amounts of three or four higher 
molecular weight species were also observed. In contrast, 
an approximately 2.3 kb RIP15 mRNA was universally expressed 
in a number of tissues. To obtain full-length clones of 
these mRNAs, a mouse liver cDNA library was constructed and 

2 0 screened by conventional hybridization with RIP14 and RIP15 
probes. Eight separate clones were obtained for RIP14, and 
four for RIP15. 

All eight RIP14 clones were analyzed by digestion 
with multiple restriction enzymes and either partial or 

2 5 complete sequencing. As diagrammed in Figure 3, these 

clones may be divided into two subgroups that apparently 
encode distinct isoforms, referred to as RIP14-1 and RIP14- 
2. Based on initiation at the first methionine of the open 
reading frame, the RIP14-1 isoform is a protein of 484 amino 

3 0 acids. Since there are no in frame termination codons 

upstream from this methionine, it remains possible that this 
isoform includes additional N-terminal sequence. The RIP14- 
1 mRNA, however, is approximately 1.8 to 2.0 kb, as 
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demonstrated by the hybridization of an oligonucleotide 
probe specific for the 5' end of the RIP14-1 sequence to 
only the lower portion of the broad band recognized by a 
common probe, and the cloned sequences account for 
5 approximately 2 kb, assuming a 200 nucleotide poly A tail. 
Thus, if such an N-terminal extension exists, it must be 
minimal. As many members of the receptor superfamily have 
5' untranslated regions of several hundred nucleotides that 
include additional upstream AUG codons, it is also possible 

10 that the correct RIP14-1 sequence begins with a methionine 
downstream of that indicated in Figure 4. For simplicity, 
we assume that the indicated reading frame is full length. 
As described below, results from in vitro translation are 
consistent with this assignment. 

15 The RIP14-2 group differed from RIP14-1 in two 

respects. First, Clones 3 and 12 shared related 5' 
sequences that diverged from those of RIP14-1 at a position 
within the apparent RIP14-1 coding region. Most of the 5' 
sequence specific to clone 12 consisted of an additional 

2 0 copy of a 63 base pair sequence from the region common to 
the RIP14-2 class (Figures 3 and 4). The basis for this 
variation is not known. As expected, hybridization with a 
probe specific for these more extensive RIP14-2 sequences 
detected the upper portion of the broad band recognized by 

25 the common probe, indicating that the full length RIP14-2 

mRNA is approximately 2.0 to 2.2. kb. This corresponds well 
to the approximately 2.2 kb predicted from the sequence 
obtained, plus a poly A tail. Because of the divergent 
sequence, the first methionine of the open reading frame of 

30 the 451 amino acid RIP14-2 isoform corresponds to residue 38 
of the predicted RIP14-1 sequence. RIP14-2 also differed 
from RIP14-1 by an insertion of four amino acids located 
four amino acids downstream of the C-terminus of the DNA 



binding domain. Although this insertion is only observed in 
clones that include the RIP14-2 type 5' end, it is possible 
that it is also present in a subset of mRNAs of the RIP14-1 
type, and that it may be absent in a subset of mRNAs of the 
5 RIP14-2 type- However, there is currently no evidence for 
the existence of these two potential additional isoforms. 

In contrast to the complex structure of RIP14, all 
of the clones of RIP15 show identical sequence, except one 
that is 64 base pairs longer at the 5^ end. All four clones 

10 contain the same open reading frame for the predicted 44 6 
amino acid RIP15 protein, with an in-frame terminator nine 
bases upstream of the initiation codon (Figure 5) . 

In vitro translation of transcripts for the two 
RIP14 isoforms produced a slightly bigger protein for RIP14- 

15 1 than for RIP14-2, approximately 57 and 55 Kd (Figure 6). 
This corresponds well to the predicted sizes of 
approximately 55 and 52 Kd, and is consistent with the 
assignment of the initiator codons. The calculated 
molecular weight of RIP15 is approximately 4 8 Kd. However, 

2 0 the major in vitro translation product was approximately 60 

Kd (Figure 6) . The basis for this apparently aberrant 
migration is unclear. 

In sum, therefore, the RIP15 gene apparently encodes 
a single product, while the RIP14 gene expresses at least 
25 two closely related isoforms. By analogy with several 
examples of alternate promoter utilization for other 
superfamily members, it seems likely that this mechanism 
accounts for the distinct 5' ends of the two major classes 
of RIP14 cDNAs. Because the cDNAs appear to be full length, 

3 0 the alternative possibility that they are derived by 

alternative splicing of a common transcript from a single 
promoter seems less likely. In contrast to this relatively 
common N-terminal variation, the variation of the RIP14 



isoforms within the D domain is apparently unique within the 
receptor superf amily . Without information on the structure 
of the RIP14 gene, it is not possible to be certain how this 
variation is generated. However, since the first 6 
5 nucleotides of the inserted sequence match the consensus 5' 
or donor splice site (GU(A/G)AGU) (SEQ ID NO: 10), it is 
quite likely that it is a consequence of alternative donor 
site utilization. 

In Figure 7 , the amino acid sequences of the two 

10 orphans were compared to those of several other members of 
the nuclear hormone receptor superf amily. In the DNA 
binding (C) domain, RIP14 was most closely related to insect 
ecdysone receptors, sharing 82% sequence identity with that 
of Drosophila (Koelle et al., Cell 67:59-77, 1991), for 

15 example. Interestingly, RIP15 is the superf amily member 

next most closely related to RIP14 in this domain, with 67% 
identity. The DNA binding domains of RIP15 and the ecdysone 
receptors share 64% identity, and these three sequences form 
a rather divergent subgroup within the superf amily. A 

2 0 distinctive feature of the RIP15 C domain sequence is an 

insertion of two amino acids in the short region between the 
two zinc modules. Although they do not show particularly 
strong overall sequence identity with the 

RIP14/RIP15/ecdysone receptor subgroup elsewhere in the C 
2 5 domain, a similar insertion is present in the thyroid 

hormone receptors . 

Both RIP14 and RIP15 included matches to all of the 

conserved sequence motifs present in the putative ligand 

binding and dimerization (E) domains of other orphans and 
30 conventional receptors (Seagraves et al.. Genes & Dev. 

4:204-219, 1990; Amero et al., Mol. Endocrinol 6:3-8, 1992; 

Laudet et al., EMBO J 11:1003-1013, 1992), including a 

conserved C-terminal sequence associated with ligand 



dependent transcriptional activation (Danielian et al., EMBO 
J. 11:1025-1033, 1992). As with the C domain, overall 
comparisons based on ligand/dimerization domains placed both 
RIP14 and RIP15 in a divergent subgroup that also includes 
5 the ecdysone receptors. Within this region, RIP14 shares 
42% and 37% identity with RIP15 and the ecdysone receptor, 
respectively, while RIP15 shares 42% identity with the 
ecdysone receptor. Overall, these three proteins are 
approximately as closely related to each other as the TRs 
10 are to the RARs. 

Heterodimers of RIP14 and RIP15 with RXR Bind DNA 
Specifically 

To identify DNA sequences recognized by each orphan, 
in vitro translated proteins were used for gel shift assays. 

15 Because of their strong sequence similarity to the ecdysone 
receptor, a well studied ecdysone response element (EcRE) 
from the Drosophila hsp27 promoter (Riddilough et al., EMBO 
J. 6:3729-3734, 1987) was tested for binding to both 
orphans, in the presence and absence of RXR. This element 

2 0 consists of two hexamers that match the receptor binding 

consensus AGGTCA, arranged as an inverted repeat separated 
by one base pair (IR-1) . As demonstrated in Figure 8, panel 
A, RIP14-1 bound to the EcRE, but only in the presence of 
RXR. The binding of the RIP14-2 isoform to this element was 

25 weaker than that of RIP14-1 when similar amounts of RIP14 
proteins were used. RIP15 did not bind to the EcRE 
regardless of the presence or absence of RXR. Several other 
DNA elements were tested in the gel shift assay, including 
the retinoic acid response element from the promoter of the 

30 human RARj82 isoform (^RARE) (de The et al., Nature 343:177- 
180, 1990) . In the presence of RXR, the ^RARE was bound by 
both the RIP14 isoforms and RIP15 (Figure 8, panel B) . 
Again, the binding of the RIP14-2/RXR heterodimer was weaker 



than the RIP14-1/RXR heterodimer when a similar amount of 
RIP14 proteins were used (Figure 8, panel B, lanes 10 and 
14) . In contrast to the results with the EcRE, RIP14-1 
showed some binding to the jSRARE in the absence of RXR. 
5 The difference in apparent binding affinity between 

RIP14-1 and RIP14-2 could be due to either the variation in 
the short A/B domains or the four additional amino acids in 
the D domain of RIP14-2. The former would be consistent 
with the recently reported effects of different A/B domains 

10 on DNA binding by isoforms of the orphan ROR (Giguere et 
al., Genes & Dev. 8:538-553, 1994). The latter would be 
consistent with the fact that the insertion occurs within a 
region called the T box (Wilson et al.. Science 2546:107- 
110, 1992), which is associated with effects on DNA binding 

15 to direct repeats by heterodimers of other superfamily 

members. A chimeric receptor containing the four additional 
amino acids (MYTG) of RIP14-2 at the corresponding region of 
the D domain of RIP14-1 was constructed and tested for 
binding to both the ^RARE and EcRE in the presence of RXR. 

20 As shown in Figure 8, panel B, lane 13, the binding of this 
chimeric protein (RIP14C) to the )3RARE was similar to that 
of isoform 1 rather than isoform 2. The EcRE also showed a 
similar result. The lack of an effect of the insertion on 
RIP14-1 binding suggests that the differences in the A/B 

25 domain may determine relative binding affinity of the two 
isoforms. 

From the above results, we conclude that both RIP14 
and RIP15 bind to an overlapping set of specific elements as 
heterodimers with RXR. 
3 0 The at least partially overlapping DNA binding 

specificity of RIP14 and RIP15 is consistent with the 
similarity of their DNA binding domains and suggests that 
they may have overlapping functional roles. Since both 



interact with the fSRARE, it is possible that these functions 
include effects on the complex response to retinoids. 
However, the inactivity of both intact and chimeric versions 
of the two orphans in transient transf ections indicates that 
5 both require activation by binding of as yet unidentified 
ligands or by other processes. 
Function of R1P14 and RIP15 in vivo 

To test the transcriptional activity of RIP14-1, 
RIP14-2, and RIP15, vectors expressing each were 

10 cotransf ected into HepG2 cells with a luciferase reporter 
plasmid in which three copies of the ^RARE were inserted 
upstream of the TK promoter (Baes et al., Mol. Cell. Biol. 
14:1544-1552, 1994; described herein). Expression from this 
reporter was transactivated more than 100 fold by RAR in the 

15 presence of retinoic acid, and 20-50 fold by the apparently 
constitutive orphan MB67 (Baes et al., Mol. Cell. Biol. 
14:1544-1552, 1994). Neither of the two RIP14 isoforms or 
RIP15 was able to transactivate the ^RARE reporter under any 
condition tested (Figure 9) . This was confirmed using 

20 chimeras in which the A/B and DNA binding (C) domains of the 
thyroid hormone receptor (TR) were fused to the hinge (D) 
and ligand binding (E) domain of each orphan. In 
cotransf ections of these chimeras with an analogous reporter 
plasmid containing two copies of the synthetic palindromic 

25 T3 response element (TREpal) (Brent et al., Mol. Endocrinol. 
3:1996-2004, 1989), the TR-RIP14 chimera was not 
significantly different from the CDM vector alone. A two to 
three fold activation was observed with the TR-RIP15 chimera 
under a variety of conditions. However, this effect was 

3 0 quite modest by comparison to the more than 50 fold 
activation observed with TR in the presence of T3 . 

These transfection data suggest that both orphans 
may need specific ligands to activate transcription. A 



number of compounds considered potential ligands for orphan 
receptors were tested, including several 
hydroxycholesterols , dehydroepiandrosterone (DHEA) , a- 
tocopherol, thyroid hormone (T3) , reverse T3 , and several 
5 retinoids. No specific activity was observed with any of 
these compounds. 

In cotransf actions of the orphans with RXRa, basal 
expression was unaffected (Figure 9) . In the presence of 9- 
cis-RA, cotransf ection with RXR alone resulted in strong 

10 activation of the ^RARE reporter (Figure 9) • Previous 

results (Zhang et al., Nature 358:587-591, 1992) suggested 
that this effect was largely mediated by RXR homodimers, 
although heterodimers of RXR with endogenous RARs could also 
contribute. Cotransf ection with RIP14-1 decreased 9-cis-RA 

15 induced expression by approximately 90%, and contransf ection 
with RIP15 blocked it completely (Figure 9). RIP14-2, which 
bound jSRARE with somewhat lower apparent affinity, decreased 
the level of 9-cis-RA induced expression by 60% (Figure 9) . 
These inhibitory effects could be due either to direct 

20 binding of inactive RIP/RXR heterodimers to ^RARE, or to 

indirect effects of sequestration of RXR in complexes. In 
either case, the results confirmed that RIP proteins were 
expressed in such transf ections and suggested that both 
orphans may be involved in the complex retinoid response. 

25 RIPllO and RIP13 

RIPllO and RIP13 cDNAs were sequenced by standard 
techniques and deduced amino acid sequences determined, also 
by standard techniques. These sequences are presented in 
Figures 10 and 11. 

3 0 The materials and methods used in the above 

experiments are now described. 
Strains and Plasmids 
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LexA fusion proteins were expressed from derivatives 
of the LexA fusion vector (LexA(l--2 02) +PL) (Gyuris et al., 
Cell 75:791-803, 1993), which expresses the intact LexA 
protein. The LexA-RXR and LexA-TR fusions included human 
5 RXRa and rat TRj3 sequences extending from the C-terminal 
portion of the DNA binding domain to the C-terminus. 
Analogous LexA fusions to RAR, MB67 , and GR were constructed 
using PGR (polymerase chain reaction) . For LexA-RAR, an 
additional fusion to the intact RARa was also generated. 

10 B42 fusion proteins were either isolated from the cDNA 

library as described below or inserted into a derivative of 
the vector pJG4-5 (Gyuris et al., Cell 75:791-803, 1993) 
using standard procedures. For in vitro translation, 
appropriate fragments were cloned into a previously 

15 described bacteriophage T7 promoter expression vector 
(Carter et al., Mol. Cell. Biol, in press., 1994) and 
expressed using bacteriophage T7 RNA polymerase. Mammalian 
expression vectors were derivatives of CDM (Seed, Nature 
329:840-842, 1987), and reporter plasmids were derivatives 

20 of pTKluc (Carter et al., Mol. Cell. Biol, in press, 1994) 
in which the herpes virus TK promoter directs expression of 
lucif erase. 

Yeast strains were derivatives of EGY48 (MATa leu2 
trpl ura3 his3 LEU2 : : pLexop6-LEU2 (AUAS LEU2)) (Gyuris et 

25 al.. Cell 75:791-803, 1993; Zervos et al.. Cell 72:223-232, 
1993), in which expression of the chromosomal LEU2 gene is 
under the control of LexA operators. EGY48 was successively 
transformed with 8H18-34 (Gyuris et al.. Cell 75:791-803, 
1993), in which expression of the E. coli lacZ (f3- 

30 galactosidase) gene is also under the control of lexA 

operators (selection for URA3^) , and derivatives of the LexA 
fusion expression vector LexA ( 1-2 02 ) +PL (Gyuris et al.. 
Cell 75:791-803, 1993) (selection for HIS3^) . 




cDNA Library Screening and Characterization of RXR 
Interactors 

An oligo (dT) -primed mouse liver cDNA library was 
constructed using standard procedures (Ausubel et al,, 
5 Current Protocols in Molecular Biology, Greene Pub. Assoc. 
New York, 1994) in the plasmid cgatrp2 (selection for 
TRPl'*') , a derivative of the B42 expression vector pJG4-5. 
This plasmid also contains a tRNA suppressor gene, supF, 
which can be used to rescue only cgatrp2 (and not the other 

10 two plasmids present in the yeast host) after transformation 
to an Escherichia coli strain containing a P3 plasmid. The 
library was amplified and used to transform an EGY48 
derivative expressing LexA-RXR- 3x10^ primary yeast 
transf ormants were obtained from glucose-Ura"His"Trp" plates 

15 and recovered as described (Gyuris et al., Cell 75:791-803, 
1993) . 2x10*^ of these cells were plated on galactose-Ura" 
His"Trp~Leu" plates with or without 9-cis-RA. About 100 
LEU2 expressing colonies were selected for X-gal testing on 
galactose-Ura~His"Trp plates. Forty were chosen for further 

2 0 analysis based on stable galactose dependency of both growth 

on Leu" plates and expression of )9-galactosidase (Gyuris et 
al.. Cell 75:791-803, 1993; Zervos et al.. Cell 72:223-232, 
1993) . The cDNA plasmids were recovered by transformation 
of E. coli MC1063/P3 and reintroduced into host strains 
25 expressing LexA-RXR, LexA alone, or other chimeras such as 
LexA-Cdc2 (Gyuris et al.. Cell 75:791-803, 1993) to test 
specificity of the interaction. Candidates that interacted 
specifically with LexA-RXR were selected and sequenced with 
a primer from the fusion site of the B42 transcription 

3 0 domain by the standard dideoxynucleotide method. Based on 

sequence information and pattern of restriction endonuclease 
digestion, candidate clones were divided into several 
classes. In some cases, further sequence information was 



obtained. The obtained sequences were used to search 
sequence databases. To isolate clones containing the full 
length RIP14 and RIP15 cDNAs, a mouse liver cDNA library 
constructed in the CDM8 plasmid by standard procedures was 
5 screened by conventional hybridization methods with 

fragments of RIP14 and RIP15 which were [ ^^P] -labeled by 
random priming - 

fl-Galactosidase Assay of RXR-Interacting Clones 

An EGY48 derivative containing the 8H18-34 lacZ 

10 reporter plasmid was successively transformed with LexA and 
B42-fusion protein expression vectors to generate a series 
of strains coexpressing each LexA fusion with each B42 
fusion. At least two separate colonies from glucose-Ura" 
His"Trp~ plates were selected randomly for each coexpressing 

15 strain and used to inoculate galactose-Ura~His"Trp" liquid 

media to induce expression of the B42 fusion protein (Gyuris 
et al., Cell 75:791-803, 1993). Cultures were assayed for 
)3-galactosidase as described (Ausubel et al., Current 
Protocols in Molecular Biology, Greene Pub- Assoc., New 

20 York, 1994) . 
RNA Analysis 

A Northern blot containing 2^g of polyA*^ mRNA from 
the indicated tissues (Clontech, Inc., Palo Alto, CA) was 
hybridized with probes labeled by random priming using^ 

25 standard procedures (Ausubel et al., Current Protocols in 
Molecular Biology Greene Pub. Assoc., New York, 1994). 
Cell Culture and Transf ections 

HepG2 cells were propagated in Dulbecco's modified 
Eagle's medium containing 10% fetal bovine serum. 

30 Transf ections were carried out using calcium phosphate 

precipitation in the same medium, or in medium supplemented 
with charcoal stripped serum, as described (Baes et al., 
Mol. Cell. Biol. 14:1544-1552, 1994). HepG2 cells plated on 



six well culture plates were cotransf ected with l^g of 
plasmids expressing intact RIPs, with or without 0.25/xg of 
RXRa vector, and with 1.5Mg of a reporter plasmid containing 
three copies of the (3RARE (Baes et al., Mol. Cell. Biol. 
5 14:1544-1552, 1994), and 2/ig of pTKGH as an internal 

control. Lucif erase activity was normalized using the level 
of growth hormone expressed from pTKGH. Each transfection 
was done in duplicate. 
Proteins and Gel Shift Assay 

10 RIP14 and RIP15 proteins were produced by in vitro 

translation (Promega TNT, Madison, WI) using expression 
vectors containing the RIP genes following a T7 promoter. 
To generate full length RIP14-2 constructs, fragments from 
RIP14-1 clone No. 15 containing regions from the middle of 

15 the E domain to the 3' end replaced the corresponding 
regions of RIP14-2 Clones No. 3 or 12, respectively. 
Sequences were confirmed by DNA sequencing. Human RXRa 
protein was expressed in E. coli using a bacterial 
expression vector based on the bacteriophage T7 promoter 

20 (Carter et al., Mol. Cell. Biol, in press., 1994). The 
oligonucleotides used for gel shift assays were as 
following: )9-RARE, 5' gatccgggtagGGTTCAccgaaAGTTCActcga 3' 
(SEQ ID NO: 11); hsp27, 5 ' ctagacaagGGTTCAaTGCACTtgtccatcg 3' 
(SEQ ID NO: 12) . Hexamers that match the AGGTCA (SEQ ID NO: 

25 13) consensus half site or its complement are capitalized. 
Double stranded oligonucleotides were end-labeled using 
[■^^P]ATP and kinase, and free nucleotide was removed by gel 
filtration. Proteins were preincubated with 20/il of gel 
shift assay buffer (lOmM Tris (pH 8.0), 40mM KCl, 0.05% NP- 

30 40, 10% glycerol, ImM DTT, 2 . 5mM MgCl2 and 5ng of poly dl- 
dC) for 10 minutes in ice. This mixture was then combined 
with the indicated labeled probe and incubated for 20 
minutes at room temperature. Specific or nonspecific 



competitor oligomers were added with the probe. The 
mixtures were analyzed by 6% non-denaturing polyacrylamide 
gel electrophoresis using 0.5X Tr is-Borate-EDTA (TBE) buffer 
at 4'C. 

5 Identification of Liaands which Bind RXR-Interactinq 
Proteins 

Isolation of cDNAs encoding RXR-interacting proteins 
enables the identification and isolation of their ligands. 
Accordingly, one aspect of the invention features a 

10 screening assay for the identification of compounds which 

specifically bind to the RXR-interacting proteins described 
herein. Such an assay may be carried out using a 
recombinant RXR-interacting protein. 

In one example, the RXR-interacting protein 

15 component is produced by a cell that naturally produces 
substantially none of the protein or by a cell which 
produces functionally deficient protein; suitable cells are, 
e.g., those discussed above with respect to the production 
of recombinant receptor, most preferably, mammalian cells 

20 such as HepG2 cells. Host cells are transfected with (1) a 
vector which expresses a nucleic acid encoding the RXR- 
interacting protein (i.e., the "producer vector") and (2) a 
vector which includes an RXR-interacting protein binding 
site (e.g., for RIP14 and RIP15, the ^RARE sequence 

25 described herein) positioned upstream of a target gene which 
may be assayed (e.g., a CAT gene, a luciferase gene, or a j3- 
galactosidase gene) (i.e., the "reporter vector"). Using a 
standard transactivation assay procedure (for example, the 
assay described herein) , RXR-interacting protein activity is 

3 0 assayed by measuring binding site-dependent target gene 
expression. Useful ligands are identified as those 
compounds which, when added to the host cell medium, effect 
a change in RXR-interacting protein-directed gene expression 



(as detected using any reporter vector) ; useful ligands 
according to the invention may either increase or decrease 
RXR-interacting protein activity. 

Any suitable transactivation technique, producer 
5 vector, and binding site-containing reporter vector may be 
used. Descriptions of transactivation assays and generally 
useful vectors for the identification of ligands which bind 
other nuclear hormone receptors are described, e.g., in 
Evans et al. (U.S. Pat. No. 4,981,784, 1991); Evans et al. 

10 (WO 90/07517); Evans et al. (WO90/01428) ; and WO88/03168; 
all hereby incorporated by reference. RXR-interacting 
proteins which may be used to screen for ligands include 
wild-type molecules as well as any appropriate chimeric 
protein, for example, those chimeric proteins described 

15 herein. 

Candidate ligands may be purified (or substantially 
purified) molecules or the ligand may be one component of a 
mixture of ligands (e.g., an extract or supernatant obtained 
from cells; Ausubel et al., supra ) . In a mixed ligand 

20 assay, the RXR-interacting protein ligand is identified by 
testing progressively smaller subsets of the ligand pool 
(e.g., produced by standard purification techniques, e.g., 
HPLC or FPLC) until a single ligand is finally demonstrated 
to modulate the protein's activity. Candidate ligands 

25 include peptide as well as non-peptide molecules. 

Alternatively, a ligand may be identified by its 
ability to bind an RXR-interacting protein using affinity 
chromatography. Recombinant protein is purified by standard 
techniques, from cells engineered to express the protein 

30 (e.g., those described above); the recombinant protein 
immobilized on a column (e.g., a Sepharose column or a 
streptavidin-agarose column by the immunoaf f inity method of 
Ausubel et al., supra ) and a solution containing one or more 



candidate ligands is passed through the column. Such a 
solution (i.e., such a source of candidate ligands) may be, 
e.g., a cell extract, mammalian serum, or growth medium on 
which mammalian cells have been cultured and into which the 
5 cells have secreted factors (e.g., growth factors) during 

culture; again, candidate ligands include peptide as well as 
non-peptide molecules. A ligand specific for a recombinant 
RXR-interacting protein is immobilized on the column 
(because of its interaction with the protein) . To isolate 

10 the ligand, the column is first washed to remove non- 

specifically bound molecules, and the ligand of interest is 
then released from the column and collected. 

Ligands isolated by the above methods (or any other 
appropriate method) may, if desired, be further purified 

15 (e.g., by high performance liquid chromatography; see 

above) . Once isolated in sufficiently-purified form, a 
novel peptide ligand may be partially sequenced (by standard 
amino acid sequencing techniques) . From this partial amino 
acid sequence, a partial nucleic acid sequence is deduced 

2 0 which allows the preparation of primers for PGR cloning of 

the ligand gene (e.g., by the method of Ausubel et al., 
supra ) . 

Identification of RXR-Interacting Protein DNA Binding Sites 
Identification of the RXR-interacting proteins 
25 facilitates identification of their DNA binding sites. 
According to one approach, DNA binding sites may be 
identified using a gel shift assay, e.g., as described above 
for the identification of the RIP14 and RIP15 binding sites. 
Alternatively, a transactivation assay may be utilized. 

3 0 Briefly, candidate DNA binding sites are inserted upstream 

of a target gene whose expression may be assayed and the 
ability of an RXR-interacting protein to bind the DNA site 
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is assayed as its ability to activate downstream gene 
expression. 

Alternatively, a DNA binding site may be identified 
by selectively retaining a protein-bound DNA fragment on a 
5 nitrocellulose filter. This approach relies on the ability 
of nitrocellulose to bind proteins but not double-stranded 
DNA. Purified RXR-interacting protein (e.g., purified by 
standard techniques from cells engineered to express the 
protein, e.g., those described above) is mixed with labelled 

10 double-stranded DNA (e.g., a random pool of DNA fragments) 

under conditions which allow interaction. After incubation, 
the mixture is suction-filtered through nitrocellulose, 
allowing unbound DNA to pass through the filter while 
retaining the protein and any DNA specifically bound to it. 

15 Bound DNA fragments are then eluted from the filter and 
analyzed by gel electrophoresis or amplification and 
cloning. A detailed description of this technique is 
published in Ausubel et al. ( supra ) . 

Candidate DNA fragments for either approach may be 

2 0 derived, for example, from a randomly cleaved or sonicated 
genomic DNA library, a randomly generated set of 
oligonucleotides, and/or may be derived from known nuclear 
hormone response elements (see, e.g., Evans et al., 
WO90/11273) . 

25 Identification of RXR-interacting protein DNA 

binding sites facilitates a search for the presence of such 
sites upstream of known or yet unidentified genes (e.g., by 
an examination of sequences upstream of known genes or by 
standard hybridization screening of a genomic library with 

30 binding site probes) . RXR-interacting protein-mediated 

transcriptional control of genes bearing the binding site 
upstream may then be investigated (e.g., by transactivation 
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experiments as described above) , potentially leading to the 
elucidation of novel RXR-interacting protein functions. 
Chimeric Receptors 

The functional domains of the RXR-interacting 
5 proteins may be swapped with the domains of other members of 
the nuclear hormone receptor family (see, e.g., Evans et 
al., WO 90/11273; Evans, Science 140:889, 1988) in order to 
produce receptors having novel properties. For example, 
fusion of an RXR-interacting protein DNA binding domain to 

10 the ligand-binding and gene activation domains of 

glucocorticoid receptor would confer hormonal regulation on 
genes downstream of RIP binding sites. Alternatively, 
fusion of an RXR-interacting protein DNA binding domain to a 
trans-repressing domain (see, e.g., Evans et al., 

15 WO90/14356) would result in repression of the basal level of 
expression of genes bearing upstream RIP binding sites. 
Examples of receptor domains which may be included in a 
chimeric RIP receptor are described in Evans et al. (WO 
90/15815) and in Evans et al. {Science 240:889, 1988). 

20 Construction of receptor fusion genes is carried out by 
standard techniques of molecular biology. 
Dominant Negative Mutants 

Mutants of RXR-interacting proteins may be generated 
which interfere with normal RIP activity. Such mutants are 

25 termed "dominant negative" and fall into at least two 
classes: (a) ones which bind to their DNA binding site 
(thereby interfering with the ability of wild-type RXR- 
interacting protein to bind the same site) but which do not 
activate ligand-dependent gene expression and (b) ones which 

30 heterodimerize with other receptors (e.g., RXR) but which do 
not promote the biological response associated with the 
wild-type heterodimer. 
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The first class of RIP dominant negative mutants 
include those receptor polypeptides which contain a wild- 
type DNA binding domain and a mutant gene activation domain. 
Such mutants are unable to transactivate a reporter gene 
5 even in the presence of ligand (e.g., as measured using a 
CAT reporter gene with an upstream )3RARE and the standard 
methods described above) but retain the ability to bind a 
RIP DNA binding site (as evidenced, e.g., by DNA footprint 
analysis using a /3RARE DNA sequence; Ausubel et al., supra ) . 

10 The second class of RIP dominant negative mutants 

include those receptor polypeptides which contain a wild- 
type heterodimerization domain. Such a mutant interacts 
with its heterodimer partner and disrupts the partner's 
function. In one particular example, a dominant negative 

15 RIP-interacting protein may be overproduced (e.g., by 

directing its expression from a very strong promoter) ; the 
abundant protein forms heterodimers with cellular RXR 
protein, soaking up available RXR and thereby preventing RXR 
homodimer formation as well as RXR heterodimer formation 

20 with other partner proteins (e.g., RAR, VDR, and T3R) . 

Wild-type RXR-interacting protein may function as a dominant 
negative mutant if overproduced in this manner. However, a 
mutant RXR-interacting protein lacking gene activation 
function and/or a DNA binding domain is preferred. 

2 5 Any of the above mutants may be generated by any 

method of random or site-directed DNA mutagenesis (see, 
e.g., Ausubel et al., supra ) . 

Identification of Molecules that Modulate RXR-Interactinq 
Protein Receptor Expression 
30 Isolation of genes encoding RXR-interacting proteins 

also facilitates the identification of molecules which 
increase or decrease RIP expression. According to one 
approach, candidate molecules (e.g., peptide or non-peptide 



molecules found, e.g., in a cell extract, mammalian serum, 
or growth medium on which mammalian cells have been 
cultured) are added at varying concentrations to the culture 
medium of cells which express RIP mRNA. RIP expression is 
5 then measured by standard Northern blot analysis (Ausubel et 
al., supra ) using RIP cDNA as a hybridization probe. The 
level of RIP expression in the presence of the candidate 
molecule is compared to the level measured for the same 
cells in the same culture medium but in the absence of the 
10 candidate molecule. A molecule which promotes an increase 
or decrease in RIP expression is considered useful in the 
invention. 

RXR-Interacting Protein Expression 

In general, RXR-interacting proteins according to 

15 the invention may be produced by transformation of a 

suitable host cell with all or part of an RXR-interacting 
protein-encoding cDNA fragment (e.g., the cDNA described 
above) in a suitable expression vehicle. 

Those skilled in the field of molecular biology will 

2 0 understand that any of a wide variety of expression systems 
may be used to provide the recombinant protein. The precise 
host cell used is not critical to the invention. The RXR- 
interacting protein may be produced in a prokaryotic host 
(e.g., E. coli) or in a eukaryotic host (e.g., Saccharomyces 

2 5 cerevisiae or mammalian cells, e.g., COS 1, NIH 3T3, or HeLa 
cells) . Such cells are available from a wide range of 
sources (e.g., the American Type Culture Collection, 
Rockland, MD; also, see, e.g., Ausubel et al.. Current 
Protocols in Molecular Biology, John Wiley & Sons, New York, 

30 1994) . The method of transformation or transfection and the 
choice of expression vehicle will depend on the host system 
selected. Transformation and transfection methods are 
described, e.g., in Ausubel et al. {Current Protocols in 



Molecular Biology, John Wiley & Sons, New York, 1994); 
expression vehicles may be chosen from those provided, e.g., 
in Cloning Vectors: A Laboratory Manual (P.H. Pouwels et 
al. , 1985, Supp. 1987) . 
5 One preferred expression system is the mouse 3T3 

fibroblast host cell transfected with a pMAMneo expression 
vector (Clontech, Palo Alto, CA) . pMAMneo provides: an 
RSV-LTR enhancer linked to a dexamethasone-inducible MMTV- 
LTR promoter, an SV4 0 origin of replication which allows 

10 replication in mammalian systems, a selectable neomycin 
gene, and SV40 splicing and polyadenylation sites. DNA 
encoding an RXR-interacting protein would be inserted into 
the pMAMneo vector in an orientation designed to allow 
expression. The recombinant RXR-interacting protein would 

15 be isolated as described below- Other preferable host cells 
which may be used in conjunction with the pMAMneo expression 
vehicle include COS cells and CHO cells (ATCC Accession Nos. 
CRL 1650 and CCL 61, respectively) . 

Alternatively, an RXR-interacting protein is 

20 produced by a stably-transf ected mammalian cell line. A 
number of vectors suitable for stable transfection of 
mammalian cells are available to the public, e.g. , see 
Pouwels et al. (supra); methods for constructing such cell 
lines are also publicly available, e.g., in Ausubel et al. 

2 5 ( supra ) . In one example, cDNA encoding the RXR-interacting 
protein is cloned into an expression vector which includes 
the dihydrofolate reductase (DHFR) gene. Integration of the 
plasmid and, therefore, the RXR-interacting protein-encoding 
gene into the host cell chromosome is selected for by 

30 inclusion of 0.01-300 A^M methotrexate in the cell culture 
medium (as described in Ausubel et al. , supra ) . This 
dominant selection can be accomplished in most cell types. 
Recombinant protein expression can be increased by DHFR- 



mediated amplification of the transfected gene. Methods for 
selecting cell lines bearing gene amplifications are 
described in Ausubel et al. ( supra ) ; such methods generally 
involve extended culture in medium containing gradually 
5 increasing levels of methotrexate. DHFR-containing 

expression vectors commonly used for this purpose include 
pCVSEII-DHFR and pAdD26SV(A) (described in Ausubel et al., 
supra ) . Any of the host cells described above or, 
preferably, a DHFR-def icient CHO cell line (e.g., CHO DHFR" 

10 cells, ATCC Accession No. CRL 9096) are among the host cells 
preferred for DHFR selection of a stably-transf ected cell 
line or DHFR-mediated gene amplification. 

Once the recombinant RXR-interacting protein is 
expressed, it is isolated, e.g., using affinity 

15 chromatography. In one example, an anti-RXR-interacting 

protein antibody (e.g., produced as described herein) may be 
attached to a column and used to isolate the RXR-interacting 
protein. Lysis and fractionation of RXR-interacting 
protein-harboring cells prior to affinity chromatography may 

2 0 be performed by standard methods (see, e.g., Ausubel et al., 
supra ) . Alternatively, an RXR-interacting protein fusion 
protein, for example, an RXR-interacting protein-maltose 
binding protein, an RXR-interacting protein-^ -galactosidase, 
or an RXR-interacting protein-trpE fusion protein, may be 

25 constructed and used for RXR-interacting protein isolation 
(see, e.g., Ausubel et al., supra ; New England Biolabs, 
Beverly, MA) . 

Once isolated, the recombinant protein can, if 
desired, be further purified, e.g., by high performance 

30 liquid chromatography (see, e.g.. Fisher, Laboratory 

Techniques In Biochemistry And Molecular Biology, eds.. Work 
and Burden, Elsevier, 1980) . 
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Polypeptides of the invention, particularly short 
RXR-interacting protein fragments, can also be produced by 
chemical synthesis (e.g., by the methods described in Solid 
Phase Peptide Synthesis, 2nd ed., 1984 The Pierce Chemical 
5 Co. , Rockford, IL) . 

These general techniques of polypeptide expression 
and purification can also be used to produce and isolate 
useful RXR-interacting protein fragments or analogs 
(described herein) . 

10 Anti-RXR-Interacting Protein Antibodies 

Human RXR-interacting proteins (or immunogenic 
fragments or analogues) may be used to raise antibodies 
useful in the invention; such polypeptides may be produced 
by recombinant or peptide synthetic techniques (see, e.g., 

15 Solid Phase Peptide Synthesis, supra ; Ausubel et al., 

supra ) . The peptides may be coupled to a carrier protein, 
such as KLH as described in Ausubel et al., supra . The KLH- 
peptide is mixed with Freund's adjuvant and injected into 
guinea pigs, rats, or preferably rabbits. Antibodies may be 

2 0 purified by peptide antigen affinity chromatography. 

Monoclonal antibodies may also be prepared using the 
RXR-interacting proteins described above and standard 
hybridoma technology (see, e.g., Kohler et al.. Nature 
256 :495, 1975; Kohler et al., Eur. J. Immunol. 6:511, 1976; 

25 Kohler et al., Eur. J. Immunol. 6:292, 197 6; Hammerling et 
al.. In Monoclonal Antibodies and T Cell Hybridomas , 
Elsevier, NY, 1981; Ausubel et al., supra ) . 

Once produced, polyclonal or monoclonal antibodies 
are tested for specific RXR-interacting protein recognition 

30 by Western blot or immunoprecipitation analysis (by the 
methods described in Ausubel et al., supra ) . Antibodies 
which specifically recognize an RXR-interacting protein are 
considered to be useful in the invention; such antibodies 
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may be used, e.g., in an immunoassay to monitor the level of 
RXR-interacting protein produced by a mammal (for example, 
to determine the subcellular location of any of these 
retinoid X receptor interacting proteins. 
5 Preferably, antibodies of the invention are produced 

using fragments of the RXR-interacting protein which lie 
outside highly conserved regions and appear likely to be 
antigenic, by criteria such as high frequency of charged 
residues. In one specific example, such fragments are 

10 generated by standard techniques of PGR and cloned into the 
pGEX expression vector (Ausubel et al., supra ) . Fusion 
proteins are expressed in E. coli and purified using a 
glutathione agarose affinity matrix as described in Ausubel, 
et al., supra ) . Current Protocols in Molecular Biology 

15 (Greene Pub. Assoc., New York, 1994)). To attempt to 
minimize the potential problems of low affinity or 
specificity of antisera, two or three such fusions are 
generated for each protein, and each fusion is injected into 
at least two rabbits. Antisera are raised by injections in 

20 a series, preferably including at least three booster 
injections. 

Antisera is cleared of anti-GST antibodies using GST 
immobilized on a glutathione column, and the antisera are 
checked by ELISA for titer and specificity, using GST fusion 

25 proteins as controls. Antisera is also checked for its 
ability to immunoprecipitate in vitro translated RXR- 
interacting proteins or control proteins, such as 
glucocorticoid receptor, CAT, or luciferase. Western blots 
of total or nuclear versus cytoplasmic fractionated HeLa 

30 cell proteins are also probed with the antisera to assess 
specificity and to characterize subcellular 
compartmentalization. In these and other immunologic 
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assays, specificity is confirmed by the specific competition 
with the GST fusion protein. 

Once the specificity of an antiserum is confirmed, 
it may be used in any standard indirect immunofluorescence 
5 procedure to determine the subcellular distribution of the 
RXR-interacting protein in a particular cell type. 

Use 

The proteins described herein interact with retinoid 
X receptor and are thus likely to mediate or modulate RXR 

10 function. In particular examples, RIP14 and RIP15 block 
RXR-dependent activation of ^-RARE linked genes, and such 
proteins (or peptides derived from these proteins, 
particularly, short peptides which are capable of RXR 
interaction) , may facilitate the production of pharmacologic 

15 modifiers of RXR function. Such therapeutic polypeptides of 
the invention may be administered by any appropriate route, 
e.g., intravenously, at a dosage which is effective to 
modulate RXR function. Treatment may be repeated as 
necessary for alleviation of disease symptoms. 

20 The polypeptides of the invention are also useful 

for identifying those compartments of mammalian cells which 
contain proteins important to the function of the retinoid X 
receptor. Antibodies specific for a particular RXR- 
interacting protein may be produced as described above. The 

25 normal subcellular location of the protein is then 

determined either in situ or using fractionated cells by any 
standard immunological or immunohistochemical procedure 
(see, e,g., Ausubel et al., supra ; Bancroft and Stevens, 
Theory and Practice of Histological Techniques . Churchill 

30 Livingstone, 1982) . 

Antibodies specific for RXR-interacting proteins 
also find diagnostic use in the detection or monitoring of 



RXR-related diseases. Levels of an RXR-interacting protein 
in a sample may be assayed by any standard technique. For 
example, its expression may be monitored by standard 
Northern blot analysis or may be aided by PGR (see, e.g., 
5 Ausubel et al-, supra ; PGR Technology: Principles and 
Applications for DNA Amplification , ed. , H.A. Ehrlich, 
Stcokton Press, NY) . These techniques are enabled by the 
provision of the RXR-interacting protein sequences described 
herein. Alternatively, standard immunological or 
10 immunohistochemical procedures (e.g., those described above) 
may also be used with the antibodies described herein for 
RXR-interacting protein detection. 

Other Embodiments 
In other embodiments, the invention includes any 
15 protein which is substantially identical to a human RXR- 
interacting protein (Figs. 4, 5, 10, and 11; SEQ ID NOS: 1- 
5) ; such homologs include other substantially pure naturally 
occurring mammalian RXR-interacting proteins (for example, 
human RXR-interacting proteins) as well as allelic variants; 

2 0 natural mutants; induced mutants; proteins encoded by DNA 

that hybridizes to the RXR-interacting protein DNA sequence 
of any of Figs. 4, 5, 10, and 11 (SEQ ID NOS: 6-9, 14) under 
high stringency conditions or low stringency conditions 
(e.g., washing at 2X SSG at 40°C with a probe length of at 
25 least 40 nucleotides) ; and polypeptides or proteins 
specifically bound by antisera directed to an RXR- 
interacting protein, especially by antisera to the RXR 
binding domain of the RXR-interacting protein. The term 
also includes chimeric polypeptides that include an RXR- 

3 0 interacting protein fragment. 

The invention further includes analogs of any 
naturally occurring RXR-interacting protein. Analogs can 



differ from the naturally occurring RXR-interacting protein 
by amino acid sequence differences, by post-translational 
modifications, or by both. Analogs of the invention will 
generally exhibit at least 85%, more preferably 90%, and 
5 most preferably 95% or even 99% identity with all or part of 
a naturally occurring RXR-interacting protein sequence. The 
length of comparison sequences will be at least 15 amino 
acid residues, preferably at least 25 amino acid residues, 
and more preferably more than 3 5 amino acid residues. 

10 Modifications include in vivo and in vitro chemical 
derivatization of polypeptides, e.g., acetylation, 
carboxylation, phosphorylation, or glycosylation; such 
modifications may occur during polypeptide synthesis or 
processing or following treatment with isolated modifying 

15 enzymes. Analogs can also differ from the naturally 

occurring RXR-interacting protein by alterations in primary 
sequence. These include genetic variants, both natural and 
induced (for example, resulting from random mutagenesis by 
irradiation or exposure to ethanemethylsulf ate or by site- 

20 specific mutagenesis as described in Sambrook, Fritsch and 
Maniatis, Molecular Cloning: A Laboratory Manual (2d ed.)/ 
CSH Press, 1989, or Ausubel et al,, supra ) . Also included 
are cyclized peptides molecules and analogs which contain 
residues other than L-amino acids, e.g., D-amino acids or 

25 non-naturally occurring or synthetic amino acids, e.g., j9 or 
Y amino acids. 



invention also includes RXR-interacting protein fragments. 
As used herein, the term "fragment," means at least 20 
3 0 contiguous amino acids, preferably at least 3 0 contiguous 
amino acids, more preferably at least 50 contiguous amino 
acids, and most preferably at least 60 to 80 or more 
contiguous amino acids. Fragments of RXR-interacting 



In addition to full-length polypeptides, the 
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proteins can be generated by methods known to those skilled 
in the art or may result from normal protein processing 
(e.g., removal of amino acids from the nascent polypeptide 
that are not required for biological activity or removal of 
5 amino acids by alternative mRNA splicing or alternative 
protein processing events) . 

Preferable fragments or analogs according to the 
invention are those which facilitate interaction of the 
peptide with a retinoid X receptor. 

10 All publications and patent applications mentioned 

in this specification are herein incorporated by reference 
to the same extent as if each independent publication or 
patent application was specifically and individually 
indicated to be incorporated by reference. 

15 Other embodiments are within the following claims. 

What is claimed is: 
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